Single-molecule fluorescence resonance energy transfer (smFRET) experiments are extremely useful in studying protein folding but are generally limited to time scales of greater than Ϸ100 s and distances greater than Ϸ2 nm. We used single-molecule fluorescence quenching by photoinduced electron transfer, detecting short-range events, in combination with fluorescence correlation spectroscopy (PET-FCS) to investigate folding dynamics of the small binding domain BBL with nanosecond time resolution. The kinetics of folding appeared as a 10-s decay in the autocorrelation function, resulting from stochastic fluctuations between denatured and native conformations of individual molecules. The observed rate constants were probe independent and in excellent agreement with values derived from conventional temperaturejump (T-jump) measurements. A submicrosecond relaxation was detected in PET-FCS data that reported on the kinetics of intrachain contact formation within the thermally denatured state. We engineered a mutant of BBL that was denatured under the reaction conditions that favored folding of the parent wild type (''D phys''). D phys had the same kinetic signature as the thermally denatured state and revealed segmental diffusion with a time constant of intrachain contact formation of 500 ns. This time constant was more than 10 times faster than folding and in the range estimated to be the ''speed limit'' of folding. D phys exhibited significant deviations from a random coil. The solvent viscosity and temperature dependence of intrachain diffusion showed that chain motions were slaved by the presence of intramolecular interactions. PET-FCS in combination with protein engineering is a powerful approach to study the early events and mechanism of ultrafast protein folding.
S
ingle-molecule spectroscopy detects molecular heterogeneities that are hidden in the ensemble average of conventional spectroscopy and provides complementary insights into the conformationally heterogeneous process of protein folding (1, 2) . Commonly applied single-molecule fluorescence resonance energy transfer (smFRET) methods have limitations in revealing conformational changes of less than Ϸ2 nm or measuring very fast processes occurring in under Ϸ1 ms because of inherently low fluorescence photon statistics and interference from photophysical effects. The investigation of small and ultrafast folding protein domains, which often represent the building blocks of larger assemblies, is of particular importance to our fundamental understanding of folding. Importantly, their time scales of conformational motions can overlap with those of atomistic computer simulations of protein folding pathways (3) .
Current limitations of smFRET methods can be overcome using new developments in fluorescence correlation spectroscopy (FCS). FCS measures the kinetics of stochastic fluorescence fluctuations arising from individual fluorescent molecules passing a confocal detection volume by Brownian motion (4) . Any molecular event that leads to a fluctuation in fluorescence intensity yields a characteristic decay in the autocorrelation function, calculated from fluorescence intensity time traces (5, 6) . Oxazine fluorophores are selectively and efficiently quenched by the amino acid tryptophan [Trp (W)] via photoinduced electron transfer (PET) upon van der Waals' contact with the indole side chain (7) . The formation and dissociation of fluorophore-Trp interactions yield digital ''off/on'' fluorescence fluctuations with high signal to noise, which can be measured at the level of individual molecules. The inherently low triplet yield of oxazine fluorophores allows the application of comparatively high excitation energies, and single-molecule fluorescence can be measured at high photon flux. In combination with FCS the technique (PET-FCS) provides a sensitive tool to measure conformational dynamics down to nanosecond temporal and Ͻ2 nm spatial resolution (8, 9) .
Here, we combined PET-FCS with protein engineering to probe ultrafast folding of the 44-residue binding domain BBL, which has an end-to-end distance in structured sequence area of only 2 nm. PET-FCS revealed folding as stochastic fluctuations between native and denatured conformations in single BBL molecules during transit through the confocal detection focus, demonstrating a barrier-limited mechanism. We investigated kinetics of intrachain diffusion site specifically within an engineered denatured state that is poised to fold and unveiled significant deviations from a random coil.
Results
Design of the PET Reporter System for Folding. Wild-type BBL has no Trp. We introduced individual Trp residues, which served as fluorescence-quenching PET donors, at selected sites in the native structure (Fig. 1) . A single cysteine residue was introduced at the N terminus for modification with the thiol-reactive oxazine fluorophore AttoOxa11. Respective positions of AttoOxa11 and Trp were chosen such that label and quencher are not contiguous in the native structure but can form fluorescence quenching interactions within the denatured state (D-state) ensemble of flexible conformers. BBL unfolding is, thus, signaled by fluorescence quenching of AttoOxa11.
BBL is a marginally stable protein with a free energy of unfolding of only 2.4 Ϯ 0.2 kcal/mol at 298 K (10). We tested for the presence of possible perturbations introduced by protein modification, which could compromise conclusions deduced for wild-type protein. The introduction of individual Trp residues at positions 166 (H166W) and 142 (H142W) in the sequence does not induce any detectable energetic or structural perturbations (10) (11) (12) . Chemical and thermal denaturation of AttoOxa11-modified BBL monitored using far-UV circular dichroism (CD) showed that AttoOxa11 does not induce significant perturbations either (Fig. S1 ). The free energy of unfolding of AttoOxa11-modified H166W was 2.5 Ϯ 0.2 kcal/mol, which is within error of that of wild-type BBL. We avoided thermal protein denaturation monitored by steady-state Trp fluorescence spectroscopy because of the commonly known problem of strongly sloping and nonlinear pre-and posttransition baselines in such experiments. Baseline effects are additionally complicated by the presence of multiple fluorescence quenching processes: Trp fluorescence is quenched by FRET and Dexter energy transfer to the label and by water upon solvent exposure.
Complementary evidence for lack of probe-induced artifacts was derived from kinetic experiments discussed below. We concluded that our modified BBL constructs represent valid pseudo-wild-type proteins.
Kinetics of Folding Probed by Ensemble T-Jump Spectroscopy and
Single-Molecule PET-FCS. We investigated ensemble-based kinetics of folding using T-jump relaxation methods (10) at various temperatures. Unmodified BBL was studied using nanosecond laser T-jump Trp fluorescence spectroscopy. Extrinsically modified BBL was investigated using microsecond capacitor-discharge T-jump fluorescence spectroscopy at 670 nm. All kinetic transients recorded fitted well to single-exponential functions ( Fig. 2A) . AttoOxa11-labeled wild-type BBL containing no Trp (AttoOxa11-WT) remained kinetically silent, demonstrating that the observed relaxations monitored by AttoOxa11 fluorescence reported solely on PET quenching by Trp.
Next, we applied PET-FCS to investigate folding dynamics at the level of individual molecules and at thermodynamic equilibrium. Fig. 2B shows autocorrelation functions recorded from AttoOxa11-modified mutant H166W (AttoOxa11-H166W) at various temperatures together with AttoOxa11-WT as a control. AttoOxa11-WT exhibited only a single decay on the time scale of translational diffusion and remained kinetically silent in submillisecond time scales, in agreement with results from T-jump experiments. In contrast, the Trp-containing mutant AttoOxa11-H166W showed 2 additional temperature-dependent decays on the microsecond and nanosecond time scale, respectively, each of them fitting well to a single-exponential function (the model used to fit data is described in Materials and Methods). The microsecond decay reports on stochastic fluctuations between the fluorescent conformation of the folded state and the fluorescence-quenched conformation of the denatured state of BBL during the Ϸ1-ms molecular transit through the detection focus (illustrated in Fig. 3) . We compared the observed folding rate constant of BBL, k obs , measured using singlemolecule and ensemble methods and monitored using PET fluorescence quenching and intrinsic Trp fluorescence of unmodified material (Fig. 2C ). Fluorescent reporters located at different sites probed the formation of different structural elements. PET quenching of AttoOxa11 in mutants H166W and H142W report on the formation of the intact topology of the fold Design of the PET fluorescence quenching reporter system for folding. The reporter design was based on the near-identical NMR structures of BBL pseudo-wild-types H166W (pdb id 2BTH) (11) and H142W (pdb id 2WAV) (12) where individual His residues were replaced by Trp (blue and cyan, respectively). Shown is the structure of H142W in side (Left) and bottom (Right) view. The extrinsic label is illustrated as a red sphere. Residue side chains that were targeted by site-directed mutagenesis are highlighted. Helices 1 and 2 are labeled as H1 and H2. and helix 1 in isolation, respectively. Trp fluorescence of unmodified mutants H142W and H166W report on formation of tertiary interactions between Trp-142 and helix 2 and Trp-166 and the 3-10-helical turn, respectively ( Fig. 1 ). There was excellent agreement between values of k obs determined from PET-FCS and T-jump experiments, independent of the technique used to measure kinetics and the nature and position of the probe (Fig. 2C) . Importantly, the agreement of kinetic quantities derived from labeled und unlabeled BBL and measured at temperatures below the denaturation midpoint demonstrated the absence of any perturbation of the D-state ensemble by the extrinsic label: Below the thermal denaturation midpoint, k obs is dominated by the folding rate constant and perturbations within the D-state would result in a change in the free energy difference between the denatured and the transition state, which would be indicated by a change in k obs .
The Denatured State of BBL at Solvent Conditions That Favor Folding (Dphys).
Whereas the microsecond decay in PET-FCS data of AttoOxa11-H166W reflected kinetics of folding, the nanosecond decay reported on the kinetics of end-to-end loop closure within the D-state ensemble of conformers (Figs. 2B and 3) . Accordingly, the amplitude of the nanosecond decay increased with temperature and reported on an increase of D-state population. We used site-directed mutagenesis to generate a D phys of BBL at solvent conditions that favor folding. Removal of a single leucine side chain in the irregular turn region at position 158 (L158G, Fig. 1 ) destabilized the native state of BBL dramatically and caused a near-quantitative population of the D-state conformational ensemble. The CD spectra of thermally denatured wildtype BBL and that induced by mutation L158G were very similar but exhibited significant deviations from the random coil signature with some residual ellipticity at 222 nm (Fig. 4A) . Fluorescently modified D phys AttoOxa11-L158G-H166W had considerable fluorescence quenching (Fig. 4A, Inset) and remained kinetically silent in microsecond T-jump fluorescence experiments (Fig. 4B, Inset) . PET-FCS data recorded from AttoOxa11-L158G-H166W showed near-exclusively nanosecond kinetics of end-to-end contact formation in the submillisecond time domain of the autocorrelation function (Fig. 4B) . The observed residual microsecond fluctuations were of very small amplitude and reported on folding transitions between D phys and residual native-state population. The observed nanosecond kinetics were similar to values determined from autocorrelation functions of thermally denaturated wild-type protein ( Fig. 2 B and C) , consistent with mutation L158G generating an ensemble of conformers that reflected the true D-state properties of BBL. From the amplitude and observed rate constant we estimated the rate constant of end-to-end contact formation within D phys , k ec , to (1.7 Ϯ 0.3) ϫ 10 6 s Ϫ1 at 293 K. We note that in chemical denaturation experiments chaotropes like guanidinium chloride can complicate PET-FCS by interfering with fluorescence-quenching interactions between fluorophore and Trp, reducing the signal to noise. Such experiments were therefore avoided in the present study. However, perturbation of the reporter system by chaotropes can be counterbalanced by bringing fluorophore and Trp in close proximity in sequence area, increasing their ''effective concentration'' (9).
We characterized the hydrodynamic properties of D phys . The characteristic time constant for molecular diffusion through the confocal detection focus, D , is directly proportional to the hydrodynamic radius of a globule. From data fits to the autocorrelation functions (see Materials and Methods) we determined D of D phys and wild-type BBL to be 1.20 Ϯ 0.06 ms and 1.01 Ϯ 0.02 ms, respectively, at 293 K in buffer. The difference in ⌽-Value analysis of BBL shows that the protein folds via a nucleation-condensation mechanism with relatively evenly distributed, fractional ⌽-values (12). The nucleation site comprises a long-range interaction between side chains L167 at the Cterminal end of helix 2 and H142 at the C-terminal end of helix 1 and is conserved in pseudo-wild-type H142W ( Fig. 1) (12) . The interaction has a high ⌽-value and stabilizes the transition state of folding considerably. We estimated the encounter rate constant of the involved segments in D phys using PET-FCS. To this end, we introduced AttoOxa11 at position 167 via a Leu3Cys mutation in H142W containing mutation L158G to populate D phys . As observed for H166W, mutation L158G in H142W gives rise to near-quantitative population of D phys as judged by far-UV CD spectroscopy (Fig. S2) . Although the introduction of a bulky fluorophore at position 167 could introduce steric clashes in the native fold at the end of helices, it should not in a loose and flexible ensemble of denatured conformers. The submillisecond time domain of the autocorrelation function of H142W-L158G-AttoOxa11 was dominated by denatured state dynamics. Corresponding nanosecond kinetics were temperature dependent and fitted well to a single exponential function (Fig. 5A) . We determined the rate constant of intrachain contact formation, k ic , to be (2.0 Ϯ 0.2) ϫ 10 6 s Ϫ1 at 293 K. Detected microsecond folding kinetics of very small amplitude in PET-FCS data of H142W-L158G-AttoOxa11 reported on the presence of some residual native state population within the D-state ensemble.
To characterize better the chain dynamics within D phys , we measured the viscosity and temperature dependence of k ic . We used 0-40% wt/vol sucrose as viscogen, which did not induce any significant formation of structure in D phys as judged by CD spectroscopy (Fig. S2) . The time constant of intrachain contact formation, ic ϭ 1/k ic , increased linearly with solvent viscosity as expected for a diffusional process (Fig. 5B) . In a plot of ic versus solvent viscosity and for a purely chain-entropy-controlled process the extrapolated, limiting time constant at zero solvent viscosity ( ic,0 ) crosses the origin ( ic,0 ϭ 0) (13) (14) (15) . For D phys , however, we found ic,0 ϭ 260 Ϯ 90 ns. From Arrhenius analysis of the temperature dependence of k ic we determined the activation enthalpy for intrachain diffusion within D phys in aqueous buffered solution, ⌬H ic ‡ , to 7 Ϯ 1 kcal/mol (Fig. 5C ). Analysis of Arrhenius plots for folding is generally complicated by deviations from linearity, which are caused by large changes in heat capacity between the denatured and the transition states and have considerable contributions from enthalpyentropy compensation. Folding kinetics of BBL could not be measured through the entire unfolding transition because of its low unfolding enthalpy and the correspondingly broad temperature window of the transition. We, therefore, could not determine an accurate value for the temperature-dependent activation enthalpy for BBL folding. However, Arrhenius data of k f appeared to be linear over the recorded temperature range (Fig.  5C ). But the slope of such a plot should not be equated with a microscopic analysis of the thermodynamics and is only an empirical activation energy.
Discussion

Observation of Ultrafast Folding Kinetics in Single BBL Molecules.
T-jump spectroscopy measures kinetics of folding from the macroscopic ensemble average of molecules by perturbing the folding equilibrium rapidly and following the relaxation of the ensemble to a new equilibrium with time. In the present work we revealed the spontaneous nature of the folding reaction by looking at individual molecules: BBL fluctuates stochastically between native and denatured conformations at equilibrium, the kinetics of which were directly observed in PET-FCS. Kinetic quantities obtained from single molecules were in excellent agreement with results from T-jump relaxations measured from the macroscopic ensemble. This observation highlights the ''ergodic principle'' stating that the time-averaged observable of a single molecule should be equal to the ensemble-averaged value determined from bulk. In fact, ergodicity represents a fundamental control in single-molecule experiments, in general (1). The kinetics of BBL folding was further independent of site and nature of the probe and the spectroscopy applied, underscoring the cooperative nature of the folding process. Rate constants were also in good agreement with values extrapolated from denaturant-dependent folding kinetics (chevron analysis) measured by Trp fluorescence (10, 11) . We can assign the 10-s relaxation with confidence to the overall folding of the protein by comparison to the T-jump measurements because the ratio of rate constants from the ensemble kinetics give equilibrium constants that are in excellent agreement with those measured directly at equilibrium throughout the chemically induced denaturation transition (10) .
The Denatured State of BBL at Physiological Conditions and Implications for Folding. The analysis of dynamics of a protein denatured state under conditions that favor folding (D phys ) allows us to explore how interactions within D phys can contribute to folding. This information is important to our mechanistic understanding of the folding reaction. We generated the D phys of BBL by destabilizing the native state using a single point mutation (L158G), so that its T m was lowered dramatically, leading to near-quantitative population of the D-state at ambient temper- atures. The D phys produced at 298 K and thermally denatured BBL at higher temperatures showed very similar spectroscopic signatures in CD spectroscopy and PET-FCS (Figs. 2C, 4A , and Fig. S2 ). D phys , however, deviated from a Gaussian chain. The far-UV CD spectrum had residual ellipticity at 222 nm ( Fig. 4A and Fig. S2) , reporting on the presence of nonrandom chain configurations. The residual ellipticity vanished upon chemical denaturation (Fig. S1 ). Similar behavior can be seen in thermal and chemical denaturation experiments on homologous family members (16, 17) and appears as a general characteristic of this protein family. Residual ellipticity in D phys of BBL remained essentially unchanged with temperature and did, therefore, not report on a structured D-state as e.g., observed in engrailed homeodomain (18, 19) . On the other hand, the hydrodynamic radius of D phys was only 20% larger than that of native protein. This difference in chain dimension is small compared with swelling of chemically denatured proteins, which exhibit an increase in radius of gyration of 50% or more compared with native protein (18, (20) (21) (22) .
The submicrosecond relaxations in PET-FCS arise from contact-induced quenching of fluorescence and are a measure for the rate constants for collision of chain segments. The rate constant of end-to-end contact formation within D phys (k ec ϭ 1.7 Ϯ 0.3 ϫ 10 6 s Ϫ1 at 293 K) is 5-to 10-fold slower than that of highly flexible, unfolded poly-(GS) model peptides of similar length, which resemble properties of a Gaussian chain (15, 23) . Slower chain dynamics can be rationalized by the presence of intrachain interactions within D phys and/or excluded volume effects caused by side chains lacking in poly-(GS) peptides. In fact, the presence of bulky side chains can slow down intrachain diffusion in model peptides considerably (24) . The rate constant of the formation of an intrachain interaction within D phys that is productive in folding (k ic ϭ 2.0 Ϯ 0.2 ϫ 10 6 s Ϫ1 at 293 K) was, within error, identical with k ec despite the shorter loop segment separating residues in intrachain (25 residues) compared to end-to-end (36 residues) loop closure. In a random flight chain, shortening of the loop segment results in acceleration of loop closure because of reduced chain entropy (15, 23, 25) , but can experience compensating effects from reduced chain flexibility if a terminal tail is present (26) . Such compensating effects, however, become significant only if the length of the tail is similar or longer compared with the loop segment (26) and cannot rationalize the observed similarity of k ec and k ic within a Gaussian chain model.
The solvent viscosity dependence of k ic revealed a significant amount of internal frictional force present in D phys . The limiting time constant extrapolated to zero solvent viscosity, ic,0 ϭ 260 Ϯ 90 ns, accounted for more than 50% of the time constant measured in aqueous solution ( ic ϭ 500 Ϯ 50 ns at ϭ 1.0 cP). Accordingly, the Arrhenius activation enthalpy of k ic was 7 Ϯ 1 kcal/mol, which, after correction for solvent viscosity (⌬H H 2 O ‡ ϭ 4 kcal/mol) (27) , yielded a residual activation enthalpy of 3 Ϯ 1 kcal/mol. This value reflects dissipation of heat caused by intrachain interactions during the diffusional search process among denatured chain configurations and accounts for a significant amount of the activation enthalpy of BBL folding (Fig. 5C) . The phenomenon contrasts entropy-controlled intrachain diffusion of unfolded poly-(GS) model peptides that exhibit an Arrhenius activation enthalpy resembling that of water solvent viscosity (15) . Apparently, the presence of intrachain interactions controls intrachain diffusion within D phys of BBL and can explain the observed similarity of k ec and k ic .
The formation of intrachain interactions in an unfolded protein chain represents the earliest step in folding (23, 28) . The rate constant of formation of long-range intrachain interactions within D phys of BBL (k ic ), which are productive in folding, is much faster than the rate constant of folding (k f ϭ 1 ϫ 10 5 s
Ϫ1
at 293 K), underscoring the presence of a folding free energy barrier. In fact, the value of k ic ϭ 2 ϫ 10 6 s Ϫ1 at 293 K is very close to the ''speed limit'' of folding as approximated by Eaton and coworkers to N/100 s for a generic N-residue single-domain protein (29) .
In conclusion, we have shown that PET-FCS can be successfully applied to the study of small, ultrafast folding proteins. The method reveals molecular kinetics on a very broad time scale and allowed for the observation of 3 temporally separated, kinetic events in a single measurement: intrachain contact formation in the nanosecond range, folding/unfolding in the fast microsecond range, and translational diffusion in the lower millisecond range. We have been able to measure both the spontaneous, cooperative transitions between native and denatured states of BBL and the rates of chain diffusion in the denatured state basin, which are more than 10 times faster than folding. Solvent viscosity and temperature-dependent measurements revealed that intrachain interactions are already present at the very early stage of folding. The results presented here are consistent with previous conclusions of barrier-limited, apparent 2-state folding of BBL as shown by a battery of ensemble-spectroscopic experiments (10) (11) (12) 30 ) and very recent single-molecule FRET measurements that directly detected distinct native and denatured states (31) .
Materials and Methods
Protein Expression, Synthesis, and Fluorescence Modification. All chemicals were purchased from Sigma-Aldrich and indicated if otherwise. Recombinant mutants of BBL were overexpressed in Escherichia coli and purified using affinity, ion exchange, and size-exclusion chromatography as described (10) . Proteins were modified with the thiol-reactive (maleimide chemistry) oxazine fluorophore AttoOxa11 (Atto-Tec) at cysteine side chains introduced at positions 130 (A130C) and 167 (L167C). An 8-fold molar excess of fluorophore was used for quantitative protein modification. Labeling reactions were carried out for 12 h at 4°C in 50 mM 3-(morpholino)propane-sulfonic acid (Mops), pH 7.0, containing 6 M GdmCl (ICN Biochemicals) with 10-fold molar excess of Tris(2-carboxyethyl)phosphine (TCEP) to prevent oxidation of cysteine. Labeled protein was purified to homogeneity using size-exclusion chromatography, followed by lyophilization.
Ensemble Spectroscopy. Far-UV CD experiments were performed using a spectropolarimeter (Jasco J815) as described (10) , in 50 mM potassium phosphate, pH 7.0, with the ionic strength adjusted to 200 mM, as solvent in thermal denaturation experiments, and 50 mM Mops, pH 7.0, in chemical denaturation experiments at 298 K with GdmCl as denaturant. Unmodified cysteine mutants were measured in solutions containing 500 M dithioerythritol (DTE) to prevent oxidation. Steady-state fluorescence emission spectra were acquired as described (10) . T-jump fluorescence experiments were performed using a custom-modified PTJ-64 capacitor-discharge instrument (HiTech, TgK Scientific) (10) . The sample concentration was 10 M of protein.
Fluorescence was excited at 620 nm using a mercury-xenon lamp and an optical band-pass filter (620/52). Fluorescence emission at Ͼ647 nm was collected using optical cut-off filters and transients were averaged over typically 20 shots. Nanosecond T-jump Trp fluorescence experiments were performed using a custom-built laser T-jump machine as described (10) . FCS Experiments. Autocorrelation functions were recorded using a multipledigital hardware correlator device (ALV-6010, ALV) in a custom-built confocal single-molecule fluorescence microscope setup where the fluorescence signal was shared by 2 avalanche photodiodes to achieve nanosecond time resolution as described elsewhere (15) . The average laser power was adjusted to 250 W before entering the aperture of the objective. An aqueous solution of 50 mM potassium phosphate, pH 7.0, with the ionic strength adjusted to 200 mM was used as solvent. BSA (0.3 mg/mL) and Tween-20 (0.05%) were used as solvent additives to suppress glass surface interactions. Zero to 40% wt/vol sucrose was added as viscogen in viscosity-dependent measurements and solvent viscosity was determined as described (15) . Sample temperature was controlled by a custom-built objective-type heater. One nM of protein yielded on average Ϸ20 molecules in the detection focus. FCS data were acquired over 20 min total measurement time to achieve good signal to noise. Data Analysis. Equilibrium thermal and chemical denaturation data obtained from ensemble spectroscopic measurements were fitted to standard thermodynamic equations for a 2-state equilibrium as described (10 
